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• High	specific	capacity	of	1670	mAh/g;	
• High	theoretical	specific	energy	of	2567	Wh/kg
• Inexpensive	and	Environmentally	benign
• Abundant	in	the	Earth’s	crust
• 250-400	Wh/kg	realized	in	practical	cells.

o Higher	specific	energy	cells	have	generally	shorter	cycle	life

Why	Lithium-Sulfur	Batteries?
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Problems	with	Li-S	and	Mitigation	Strategies

Component Problems Strategies Adopted Rationale Related Challenges References

Coat with protecting layer    
(solid electrolyte)

Rate capability 7,8

Coat with protecting layer         
(gel polymer)

Li dendrite shorts 9

Immobilize in carbon host 
matrix

Strong S-C interactions trap sulfides (e.g. 
as Sn

x- chain-like species, as cyclo-S8 

allotrope does not fit inside pores)

Loading of S for high 
energy density 10, 11

Use sulfide (discharge 
product) as cathode Allows use of non-Li anodes

Sulfide shuttle, poor 
conductivity 12

Poor Conductvity and 
expansion

Meso/microporous carbon 
support for S

High electronic conductivity of C mitigates 
poor S conductivity

Trade-off beteen S 
loading and cycle life

10,11

Passivation Use sulfide (discharge 
product) as cathode

Allows use of non-Li anodes Sulfide shuttle, poor 
conductivity

12

Organic electrolyte with 
additives (e.g. LiNO3, P2S5)

Good conductivity, additives react 
preferentially with sulfide species and 
passivate Li surface, depassivate cathode

Sulfide shuttle not 
eliminated, flammability 
of solvent

13

Ionic liquid electrolyte
Sulfides are insoluble in certain ionic 
liquids

Low ionic conductivity 
at RT 14

Solid-state electrolyte
Blocks contact between Li and soluble 
sulfide species and/or mechanically inhibits 
Li dendrites

Low ionic and electronic 
conductivity of S and 
discharge products

7

Electrolyte

Table 4: Strategies  Adopted to Improve Cycle Life in Li-S cells

Li anode
Blocks contact between Li and soluble 
sulfide species and/or mechanically inhibits 
Li dendrites

S cathode

Poor cyclabaility  and 
dendrites

Polysulfide dissolution, 
redox shuttle behavior

Soluble sulfides 
affecting anode 

stability and 
performance
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and evolution is that the former is not degraded by O2 evolution 
and, in principle, different catalysts can be employed at the different 
electrodes, avoiding the need for both catalysts to be stable in the 
same voltage range.

Although the basic mechanisms of O2 reduction and evolution in 
aqueous electrolytes are well known, the specific processes in those 
containing lithium salts have received much less attention and merit 
further study in view of the present interest in aqueous Li–O2 cells84. 
In this Review we have focused on alkaline electrolytes, as these 
have been most widely used in Li–O2 cells so far. However, acidic 
electrolytes may also be used41 and these give rise to higher voltages 
(up to ~4.25 V versus Li/Li+): 2Li + ½O2 + 2H+ → 2Li+ + H2O.

The Li–S battery
The rechargeable Li–S cell is shown in Fig.  1 and operates by 
reduction of S at the cathode on discharge to form various poly-
sulphides that combine with Li to ultimately produce Li2S. Such 
cells have many attractive features, including: (i) the natural abun-
dance and low cost of S; and (ii) high theoretical energy storage 
(Table 1)15–17. Yet the promise of a device with greater energy storage 
and cycle life than Li-ion has not yet materialized; even after decades 
of development, the Li–S battery has still not reached mass commer-
cialization. Several problems inherent in the cell chemistry remain 
and are summarized in Fig. 7. Among such problems, discussed in 
detail in a previous review16, are: (i) poor electrode rechargeabil-
ity and limited rate capability85,86 owing to the insulating nature of 
sulphur and the solid reduction products (Li2S and Li2S2); (ii) fast 
capacity fading owing to the generation of various soluble polysul-
phide Li2Sn (3 ≤ n ≤ 6) intermediates87–90, which gives rise to a shuttle 
mechanism91; and (iii) a poorly controlled Li/electrolyte interface. 
The shuttle mechanism arises because the soluble polysulphides 
that are formed at the cathode are transported to the anode where 
they are reduced to lower polysulphides, which are then transported 

back to the cathode, where they become reoxidized and then return 
to the anode. If, at the anode, reduction proceeds to form insoluble 
Li2S2 or Li2S, then this can deposit on the anode and elsewhere.

Much of the recent work to improve Li–S cells builds on previous 
approaches. Considerable effort has been devoted to designing 
porous composite cathodes that are capable of delivering electrons 
efficiently to the S as well as trapping the soluble polysulphides. 
These aspects of Li–S battery research are described in the section 
comparing Li–O2 and Li–S.

A different approach to the problem of minimizing transport of 
the soluble polysulphides from cathode to anode involves the use 
of organosulphur-based polymer systems with S–S linkages offer-
ing high specific energy and being capable of reversibly cleaving 
and reforming on reduction and oxidation in the molecular skel-
eton92–94. The charge/discharge reactions of the systems are based 
on the redox chemistry of thiolates (RS−), which can be oxidized 
to give the corresponding radical (RS), which can, in turn, couple 
to form disulphides (RSSR)95,96. Poly(2,2′-aminophenyl-disulphide) 
was an early example96. The redox chemistry of the dimercaptothia-
diazole polymer has also been extensively studied and was shown to 
polymerize to form the highly insoluble polydisulphide. A marked 
advantage of conjugation with the electron-poor thiadiazole ring is 
a substantial increase in the discharge potential plateau by approxi-
mately 0.6–2.8  V. Asides from this, polyvinyl disulphide poly-
mers were also shown to deliver a sustainable reversible capacity 
of 400  mAh  g−1 for at least 200  cycles97, and other polyvinyl sul-
phides containing more sulphur atoms in Sn units (2 < n < 7) are 
being studied at present. Last, it should be recalled that earlier, 
Degott reported92 polythiene-type conjugated polymers with the 
expected large capacity of 630 mAh g−1. However, the polymer had 
poor kinetics owing to the undesirable crosslinks between chains. 
Incorporating this approach with mesoporous carbon electrodes 
may offer an interesting way forward.
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Figure 7 | Challenges facing the Li–S battery. Load curve and schematic showing PEG 200-coated CMK-3–S composites that impede diffusion of the 
polysulphides into the electrolyte; reproduced from ref. 17, © 2009 NPG. Capacity fading for Li–S cell using graphene-nanosheets cathode; adapted with 
permission from ref. 21, © 2011 Elsevier.
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• Anode	passivation	and	dendrite	
formation.

• Sulfur	expands	by	79%	
• Poor	conductivity	of	S	and	its	

discharge	products.
• Polysulfides	are	soluble	in	many	

solvents	:	Form	Redox	shuttle and	
insulating	layer	(Li2S)	on	the	anode

shuttle is a powerful overcharge protector for the Li/S
system [2,3]. On the other hand, the shuttle reduces charge
efficiency at end of charge and is an impediment to
attaining higher specific capacity.

In summary, low charge efficiency and low discharge
efficiency at the end of charge and discharge, respectively,
are the main factors limiting sulfur utilization for the cycled
cell.

The full potential of the Li/S system is not attained. Only
about 50% or ~800 mA h/g S is garnered.

Our work focused on both problems—increase of
discharge and charge efficiency. Introduction of sulfur
utilization promoters improved discharge efficiency [4].
Additional Li anode protection with improved electrolyte
formulation leads to 100% charge efficiency. As a result,
total sulfur utilization reached 70% or 1200 mA h/g
(Fig. 2).

Development of a denser cathode, with engineered
porosity and structure, and introduction of new electro-
lytes and sulfur utilization promoters lead to a cell total

energy density of 300 W h/kg. Ragone plots in Fig. 3
represent specific energy at different specific powers for
different rechargeable systems and Sion power experi-
mental cells with nominal capacity of 1200 mA h, weight
of ~9 g, and dimensions of 50!36!6.5 mm. Ragone
plots analyses show that Li/S cells deliver higher specific
energy than Li ion, NiMH, and NiCd at any discharge
power.

3. Low-temperature performance

Improvement of charge/discharge chemistry by tuning
electrolyte formulation allowed operation up to "60 8C
(Fig. 4). What is important to note is that both charge and
discharge can be conducted at low temperatures, unlike
other systems that must be charged at normal temper-
atures prior to low-temperature discharge. This perform-
ance is singular in rechargeable battery technology. It was
experimentally shown that at temperatures below "40 8C,
sulfur reduction proceeds through at least five—and
possibly six—steps. Differential capacity derived from a

Fig. 1. Li/S cell operation scheme.

Fig. 2. Discharge profiles vs. sulfur-specific capacity.

Fig. 3. Experimental cell Ragone plots for different electrochemical

systems.

Fig. 4. C/10 discharge profiles at different temperatures for cells with 750

mA h nominal capacity.

J.R. Akridge et al. / Solid State Ionics 175 (2004) 243–245244

• Some	of	these	approaches	have	shown	improved	
cycle	life,	but	only	with	low	sulfur	loadings

Electrochemical	Technologies	Group KB	3
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• High	cathode	loadings	required	for	high	energy	cells
– High	energy	Li-ion	cells	have		cathodes	(nickel	cobalt	aluminum	oxide,	

NCA)	with	a	loading	of	 15	mg/cm2,	i.e.,	~8.7 mWh/cm2 per	side	of	the	
electrode.		

– For	a	specific	energy	of	400	Wh/kg,	we	will	need	1.5	times	the	specific	
energy	compared	to	Li-ion	cells,	i.e.,	13 mWh/cm2	per	side.

– With	a	voltage	of	 2.1	V	for	Li-S	cell,	this	implies	an	areal	capacity	of	~6.2
mAh/cm2 for	the	sulfur	cathode.

– With	800	mAh/g	from	sulfur	(and	with	a	composition	of	65%	sulfur),	the	
required	loading	is	12	mg/cm2.

– Almost	all	reports	of	Li-S	cells	in	the	literature	describe	performance	of	
sulfur	cathodes	with	a	low	loading	of	<	5mg/cm2	(mostly	2-3	mg.cm-2)	
and/or	with	low	proportion	of	sulfur	in	the	cathode.

• Electrolyte	content	needs	to	be	reduced	to	4-5	ml/g	(currently	
9-13	ml/g)

Sulfur	cathode	With	High	Loadings	for	a	400	Wh/kg	Li-S	cell

Electrochemical	Technologies	Group KB	4
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• Lower	capacity	and	utilization	of	sulfur	in	thicker	cathode	even	with	carbon	cloth	interlayer	and	LiNO3.
• With	a	denser	sulfur	cathodes,	more	polysulfides	are	expected	to	dissolve	in	the	electrolyte.

1.0MLiTFSI+DME+DOL(95:5)		with	0.2	M	LiNO3 with		a		Carbon	Cloth

Performance	of	a	S	cathode	with	high	Loading		in	a	Li-S	cell	

Electrochemical Technologies Group
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• Transition	metal	sulfide	undergoes	
reversible	reactions	around	the	same	
voltage	range	and	can	add	to	the	
cathode	capacity	and	also	mediate	
the	sulfur	redox	reaction.

• Metal	sulfide	provides	some	
electronic/ionic	conductivity	can	
replace	portion	of	the	carbon.
o Easier	to	make	dense	electrodes	

with	the	metal	sulfide	additions	
in	place	carbon.

• TiS2 (Manthiram	and	Cui	et	al)	,	VS2,	
ZrS2 (Cui	et	al)	with	low	loadings	
(<5mg/cm2),	CuS2 (Takeuchi	et	al)

High	Areal	Capacity	S	Cathodes

Takeuschi	et	al	DoE	Report
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• Screened	several	sulfides	:	TiS2,	
MoS2 have	shown	to	be	beneficial
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Sulfur	Cathode	With	Different	amounts	of	MoS2

• Three	times	the	capacity	per	gram	of	cathode	material	compared	to	Li-ion	
cathode	powder	(NCA)

• Specific	capacity	of	sulfur	increases	with	MoS2 loading,	but	specific	capacity	
of	total	cathode	does	not
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Sulfur	Cathode	With	Different	amounts	of	MoS2

• High	sulfur	utilization	and	capacity	retention	during	cycling	with	10-15%	
of	MoS2	in	the	cathode	(65%	sulfur)
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Sulfur blended with MoS2 and TiS2 (15w%)

• Good	performance	considering	the	high	cathode	loading	and	high	proportion	
of	sulfur	(4.6	mAh/cm2 per	side)

• High	coulombic	efficiency	suggests	polysulfide	trapping.
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• Blue shades ~ Al foil contribution; Red Shades ~ LiTiS2; Green shades ~ TiS2

• The  XRD spectra for TiS2 electrodes showed a transition from TiS2 to LiTiS2 after 
discharge and transition from LiTiS2 to TiS2 after charge. 

X-ray	Diffraction	(XRD):	TiS2- Blended	Sulfur	Cathode

Electrochemical Technologies Group
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• Blue	shades	~	Al	foil	contribution;	Red	Shades	~	MoS2.
• Similar	to	the	baseline	and	MoS2 electrodes	the	S-MoS2 cathode	showed	the	presence	of	sulfur	peaks	

after	charging	and	disappearance	of	the	same	peaks	after	discharging.	
• No	change	in	the	MoS2 peaks

X-ray Diffraction (XRD): MoS2- Blended Sulfur Cathode

Electrochemical Technologies Group KB	11
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Metal Sulfide Coating as  Polysulfide Blocking Layer

0 10 20 30 40 50
0

400

800

1200

1600

)Discharge)capacity

)

)

S
pe
ci
fic
'd
is
ch
ar
ge
'c
ap
ac
ity
'(m
A
h/
g)

No.'of'cycle

(a)

S)surface)coated)with)TiS2

0.0

0.2

0.4

0.6

0.8

1.0

'C
ou
lo
m
bi
c'
ef
fic
ie
nc
y

'Coulombic)efficiency

Loading)~)5.7)mg/cm2

0 10 20 30 40 50
0

400

800

1200

1600

S*MoS2-surface-coated-with-TiS2

-

-

S
pe
ci
fic
'd
is
ch
ar
ge
'c
ap
ac
ity
'(m
A
h/
g)

No.'of'cycle

(b)

-Discharge-capacity

Loading-~-12-mg/cm2

0.0

0.2

0.4

0.6

0.8

1.0

C
ou
lo
m
bi
c'
ef
fic
ie
nc
y

'Coulombic-efficiency

• Cycling performance of a conventional sulfur improves with a coating of TiS2.
• The sulfur cathode blended with MoS2 and coated with TiS2 shows a high specific capacity

(~1200 mAh/g) relative to S and good cycling stability even with an overall material loading of
~13 mg/cm2. A portion of this capacity is contributed by TiS2.

Stir	TiS2 in	
NMP	18	hr

Pipette	drops	
onto	cathode

Spin	coat	
15	sec

Oven	dry	(no	
vacuum)

Repeat	5x

~2	mg/cm2

loading

Electrochemical	Technologies	Group
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Li-S	cells	with	Al2O3-coated	separator	(Asahi)

• Separator coated with Al2O3 on one side (typically used on the cathode side)
• Improved performance with two layers of separator

Electrochemical	Technologies	Group
KB	13
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Li-S	cells	with	Al2O3-coated	separator	(Entek)

• Separator coated with Al2O3 on both sides
• Lower capacity but stable during cycling

Electrochemical	Technologies	Group
KB	14
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Li-S	pouch	cells	with	Al2O3-coated	separator	(Asahi)

• Improved performance with Al2O3-coated separator and MoS2-blended sulfur
cathode

Electrochemical	Technologies	Group
KB	15
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• Good	performance	in	Li-S	pouch	cells	containing	sulfur	cathode	of	
composition	S:MoS2:CB:PVDF	(65:15:15:5),	with	reduced	electrolyte	and	
with	the	SAFT	separator
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Li-S	Pouch	Cells	with	Reduced	Electrolyte
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Li-S	coin	cells	containing	sulfur	cathode	of	composition	S:CB:PVDF(55:40:5),	6.45mg/cm2 and	
AlF3-coated	Tonen	separator	(spray	coated)

AlF3-coated	Tonen	separator	(spray	coated)

17
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Cycling	of	Li-S	coin	cells	containing	sulfur	cathode	of	composition	S:CB:PVDF(55:40:5),	
6.45mg/cm2 and	AlF3-coated	Tonen	separator	(spray	coated)	– Cell	cycling	resumed	after	
100	cycles
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AlF3-coated	Tonen	separator	(Doctor-blade)	–Two	Layers

19
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Concentrated	Electrolytes

Liumin	Suo,	Yong-Sheng	Hu,	Hong	Li,	Michel	Armand	and		Liquan	Chen,	“A	new	class	of	Solvent-in-Salt	electrolyte	for	high-energy	rechargeable	
metallic	lithium	batteries”,	NATURE	COMMUNICATIONS	|	4:1481	|	DOI:	10.1038/ncomms2513	|	www.nature.com/naturecommunications

• High	concentrated	electrolytes	(solvent	in	salt)	reportedly	prevent	Li	dendrites	on	the	anode	
and	polysulfide	shuttle	on	the	cathode.

• Poor	performance	observed	at	room	temperature	in	4M-7M	solutions	(poor	conductivity)
• Slightly	improved	performance	at	40oC	with	interestingly	high	coulombic	efficiency.	May	be	

an	option	for	low	power	long-life	applications.

Electrochemical	Technologies	Group
KB	20
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• Four-electrode	glass	prismatic	cell	to	quantify	polysulfides	through	cyclic	
voltammetry	(right)

Four-Electrode Li-S cells for Polysulfide Estimation 
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Polysulfide Estimates: Discharge in “10 % SOC” Steps
S+C+PVDF 55:40:5  with 6.5 mg/cm2

Tonen separator

• Cell	discharged	at	0.75	
mA/cm2 in	10	%	steps	based	
on	1000	mAh/g	theoretical	
capacity

• CV	readings	taken	every	step
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AlF3-coated (ALD) Li Anode
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Fig.	7.	Cycling	of	Li-S	coin	cells	containing	sulfur	cathode	of	composition	S:CB:PVDF(55:40:5),	 5.65	mg/cm2

with	the	SAFT	separator	in	standard	electrolyte	with	Li	anode	protected	by	an	ALD	coating	of	AlF3.
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FePS3 

o-S8 

XRD	of	FePS3	synthesized	at	JPL
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• Novel sulfur/metal sulfide (TiS2 and MoS2) and sulfur composite 
cathodes display high capacity of  ≥800 mAh/g  (based on sulfur 
content),  high coulombic efficiency  and good cycle life (>75% retention 
through 100 cycles of 100% depth of discharge) at C/3 rate.
– High cathode loadings (12 mg/cm2 or ~6 mAh/cm2 per side) were 

demonstrated in Li-S cells containing composite cathodes with good 
utilization

– Result in a high specific energy of 400 Wh/kg in prototype cells.

• Metal sulfide coatings also improve the cycle life by minimizing the 
polysulfides in the electrolyte.

• Metal Phosphorus Trisulfides and other oxides may also rpovde similar 
benefit

• New separators with ceramic coating (Al2O3 and AlF3) offer interesting 
opportunities for further improving in this technology. Will augment the 
composite sulfur cathodes

Summary 
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